Introduction
Bacterial infections continue to be a major cause of morbidity and mortality in the United States and worldwide [1] [2] [3] [4] . Management of these infections is becoming more difficult as our antibiotics are becoming increasingly ineffective in the face of rising antibiotic resistance. In addition to new antibiotics to combat these resistant organisms, it is clear that more rapid diagnostics are also desperately needed 5, 6 .
Standard diagnostic methods for typical bacterial infections involve several sequential growth steps followed by biochemical assays to identify the species and antibiotic susceptibility patterns 7, 8 , requiring 48-72 hours. More recently, alternative methods like MALDI-TOF mass spectrometry are being implemented for earlier pathogen identification 9 , but these methods still require culture and cannot provide antibiotic susceptibility data. Multiplex PCR assays have also been explored that can rapidly report organism identity and the presence of a select few resistance-causing genes from positive blood cultures 10 . During the time required to return antibiotic susceptibility data, clinicians must empirically administer broad-spectrum antibiotics to seriously infected patients, because delays in effective antibiotic therapy increase patient mortality 11 .
There has been tremendous interest in developing molecular diagnostics that circumvent the need for bacterial growth and culture in order to hasten species identification and antibiotic susceptibility determination. Most molecular diagnostics for bacteria to date have targeted DNA 12, 13 , taking advantage of the uniqueness of bacterial genomes for species identification. Some efforts have even been extended to antibiotic susceptibility determination by detecting genetic lesions (genes or mutations) associated with antibiotic resistance; however, knowledge of the genetic basis for antibiotic resistance is at present limited to special cases such as the identification of mecA in methicillin resistant Staphylococcus aureus 14, 15 . We have reported an alternative molecular approach that leverages RNA sequence information for pathogen identification and RNA expression levels to provide phenotypic antibiotic susceptibility information based on transcriptional changes detected in sensitive but not resistant bacteria in response to antibiotic exposure 16 .
While molecular diagnostics for infection holds the promise to greatly accelerate diagnosis, they are currently challenged when the abundance of a pathogen is very low, and even more so when host cell background is high. For example, in bacteremias where pathogen burden can be as low as ~10-100/mL 17 , host cellular material in whole blood is in vast excess (RBCs: ~10 9 /mL; platelets: ~10 8 /mL; leukocytes: ~10 7 /mL). PCR-based diagnostics, though increasing in prevalence of late [18] [19] [20] , can suffer from several drawbacks, including the need for expensive and laborious nucleic-acid purification steps 21 ; false negatives due to enzymatic inhibition from residual blood components including heme, which inhibits DNA polymerases 22 ; false negatives due to intrinsically low tolerance for naturally occurring sequence diversity in primer annealing regions among clinical strains [23] [24] [25] ; and false positives due to amplification of low-level contaminants. Thus, there is a critical need for new methods to enrich for bacterial pathogens from whole blood in a manner compatible with rapid, sensitive, ideally non-enzymatic pathogen detection.
Microfluidics technology is an attractive alternative; numerous microfluidics platforms for bacterial detection have been reported based on plug-based microfluidics 26 , on-chip bacterial DNA purification 27, 28 and affinity-based capture [29] [30] [31] [32] [33] . Most recently, a magneticmicrofluidic capture device using a modified version of the human opsonin mannosebinding lectin was reported to bind to a wide variety of pathogens 34 , taking advantage of the human immune system's solution to this recognition problem. High separation efficiencies (>80%) and throughput (20-600 mL/hr) were achieved using blood samples [29] [30] [31] [32] [33] [34] , but as with any affinity-based approach, the theoretical risk exists that variant pathogens may escape binding and detection by this method.
Therefore what is needed is a label-free separation which can isolate bacteria based on intrinsic biophysical properties. One approach involves the use of inertial microfluidics -the lateral migration of particles or cells across streamlines to focus at distinct positions due to dominant inertial lift forces (F L ) at high Reynolds number, Re 35 . This phenomenon has been exploited for efficient cell separation, but can only work with diluted blood samples (< 1% hematocrit (Hct)) to allow precise focusing of individual components [35] [36] [37] . Recently, we developed an inertial microfluidics-based technique termed Dean Flow Fractionation (DFF) for direct isolation of circulating tumor cells (CTCs) from whole blood with high blood processing throughout (>15% hematocrit) 38 . Here we modify this DFF technology to isolate low numbers of bacteria (~10-100/mL) in whole blood based on physical size difference, which overcomes many limitations of affinity-based methods and can be employed generically without knowledge of the pathogen species. Our novel separation method enables sufficient bacterial recovery from the cellular components of blood to permit direct identification of the bacterial species in infected blood via coupling to a hybridization-based RNA detection method targeting species-specific regions of highly abundant ribosomal RNA (rRNA) molecules, a method that will not work directly on infected whole blood. This unique diagnostic strategy enables timely (~8 hours) identification of bacterial species, with sensitivity that approaches that needed for identification directly from blood without culture or enzymatic amplification. Antibiotic resistance profiles can also be more rapidly determined than current gold-standard culture methods through a similar RNA-based approach measuring messenger RNA (mRNA) signatures of antibiotic response, with sensitivity permitting susceptibility determination from cultured blood 16 . This increased speed can be critical in guiding early effective and targeted antibiotic therapy in infected patients.
Materials and Methods

Device fabrication
Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) using standard microfabrication soft-lithographic techniques described previously 39 . Briefly, patterned silicon wafers were silanized with trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma Aldrich, USA) and PDMS prepolymer (Sylgard 184, Dow Corning, USA) mixed in 10:1 (w/w) ratio with curing agent was poured onto the silanized wafer and cured at 80 °C for 1-2 hrs. The cured PDMS mold was silanized and acted as a template (negative replica) for subsequent PDMS casting which gave the final PDMS microchannels. Holes (1.5 mm) for fluidic inlets and outlets were punched and the PDMS devices were irreversibly bonded to microscopic glass slides using an air plasma machine (Harrick Plasma Cleaner, USA).
Bacterial culture
Bacterial cultures were grown to mid-log phase in either lysogeny broth (LB, Difco) for E. coli, K. pneumoniae, P. aeruginosa, or S. aureus or Todd-Hewitt Broth (THB, Difco) for E. faecalis before being diluted into blood at the appropriate concentration based on optical density measurements of the mid-log cultures. Expected colony forming units (cfu) were verified by plating serial dilutions for colony counting. For the majority of experiments, bacteria were inoculated directly into whole blood immediately prior to loading on the cell culture device. For a subset of the experiments in Fig. 5 , E. coli was inoculated into blood culture bottles at ~1 cfu/mL and incubated for 7.5 hours to reach a concentration of >10 5 cfu/mL (verified by plating), then the resulting solution was processed as described.
Sample preparation
Fresh human whole blood with EDTA anticoagulant (Research Blood Components, Brighton, MA) was diluted 1:3 (v/v) with sample buffer consisting of 1× phosphate buffered saline (PBS) and 0.1% bovine serum albumin (BSA) (Miltenyi Biotec, USA). BSA was used to prevent non-specific adsorption to the tubing and microchannel walls. For blood culture experiments, whole blood was diluted with culture media (1:5 v/v) in a BACTEC blood culture bottle (identical to those used for clinical blood culture) and used directly for microfluidic experiments after incubation with bacteria. Alexa Fluor® 488 E. coli (K-12 strain) BioParticles® conjugates (Invitrogen, USA) were added to sample buffer and diluted blood samples (10 6-7 /mL) for characterization of flow rate and separation efficiency, respectively. Cultured E. coli were spiked at various concentrations (10-10000/mL) in diluted blood samples to determine bacterial recovery from the device by cfu counting. For whole blood analysis, blood was incubated at 4°C directly without washing for 30 minutes with fluorescein isothiocyanate (FITC) conjugated CD41a antibodies (1:50, BD Biosciences, USA) and allophycocyanin (APC) conjugated CD45 marker (1:100, BD Biosciences, USA) to identify platelets and leukocytes, respectively. For leukocyte high speed imaging experiments, whole blood was treated with RBC lysis buffer (eBioscience, USA) according to the manufacturer's instructions to obtain a pure population of leukocytes. To compare the separation performance between the spiral device and centrifugation, 1mL of whole blood spiked with different E. coli concentrations (100-10000/mL) was spun at 100 x g for 10 mins and 300 μL of plasma were aspirated for cfu counting and RBC enumeration using a hemacytometer.
Device characterization and analysis
Bacteria and diluted blood samples (~15% hematocrit) filled in a 5 mL syringe were pumped through the spiral device using a syringe pump (PHD 2000, Harvard Apparatus, USA) while sheath fluid (1× PBS supplemented with 0.1% BSA) was filled in a 60 mL syringe and pumped into the device with a separate syringe pump (PHD 2000, Harvard Apparatus, USA). The flow rate ratio between the sample and sheath flow was fixed at ~1:10 to form a tight sample stream at the outer wall. The microchannels were mounted on an inverted phase contrast microscope (Olympus IX71) equipped with a Hamamatsu Model C4742-80-12AG CCD camera (Hamamatsu Photonics, Japan) for imaging of fluorescent bacteria. A high speed CCD camera (Phantom v9, Vision Research Inc., USA) was also used to capture videos of inertially-focused blood cells at the channel outlet and analyzed offline using ImageJ ® software. For E. coli BioParticles® and whole blood analysis, eluents were collected from the bacteria and waste outlets and separation efficiency was determined by flow cytometry (BD Accuri ™ C6, BD Biosciences, USA).
RNA detection
Eluate from the bacterial outlet of the device was pelleted by centrifugation at 16,000 x g, then resuspended in 50 μL of 1x PBS and lysed by vigorously mixing with a 4-fold excess of RLT buffer (Qiagen) with beta-mercaptoethanol, then incubating x 5 minutes at RT and either using immediately or storing at −80°C for later use. This lysate was used as input for the NanoString assay for quantitative RNA detection, which was carried out essentially per manufacturer's protocol 40 for both rRNA and mRNA detection. Briefly, two adjacent 50 nucleotide probes were designed to complement the target RNA sequence in unique regions. One probe was biotinylated, while the other was labeled with an ordered series of fluorophores (one of 4 colors in each of 7 positions), allowing multiplex probe detection. Probes were mixed with crude lysate for hybridization, then processed on the NanoString PrepStation to immobilize biotinylated probes and associated complexes on a streptavidin surface, followed by quantitative detection of immobilized fluorescent probes on the NanoString nCounter Digital Analyzer. We found for this application that hybridization time could be shortened to 2 hours with minimal loss in signal intensity, allowing the entire RNA detection process to take <8 hours. Transcriptional data were interpreted using nSolver analysis software (NanoString Technologies) and normalized for lane-to-lane variation per protocol using both positive and negative control probes provided by the manufacturer.
Species identification by rRNA recognition
The 5S, 16S, and 23S rRNA sequences for E. coli, K. pneumoniae, and P. aeruginosa were aligned using the ClustalOmega method for multiple sequence alignment, and regions of maximal interspecies variability were identified ( Figure S5 ). Probes were designed to these variable regions in conjunction with the NanoString company to incorporate their proprietary algorithms for probe design to minimize cross-hybridization, considering each rRNA gene copy from every sequenced isolate of these three species in NCBI. Recognition patterns were validated against the three organisms grown in axenic culture, and nonreactive or pan-reactive probes were eliminated from the analysis, yielding the 13 discriminatory probes displayed in Table S1 (3 specific to E. coli, 1 specific to K. pneumoniae, 5 specific to P. aeruginosa, and 4 dually specific to either E. coli or K. pneumoniae but not P. aeruginosa). These discriminatory probes were tested against samples as described above. Normalized Organism Score for a given species was defined as the geometric mean of the species-specific probe readings for that species as a fraction of the sum total of these geometric means for all three species.
Antibiotic susceptibility detection by mRNA recognition
NanoString probes were designed to a set of 6 ciprofloxacin-responsive transcripts from E. coli and to a set of 3 control transcripts whose expression is unaffected by ciprofloxacin exposure based on transcriptional studies 41, 42 . Probe sequences are shown in Table S2 . Expression values for the responsive transcripts were mathematically transformed into a single transcriptional metric essentially as previously described 16 , with one distinction: instead of normalizing responsive transcripts to untreated controls as in our prior study, we normalized the antibiotic-responsive transcripts to the geometric mean of the expression level of control (non-responsive) transcripts in the same hybridization assay performed on the same lysate. This alteration allows us to precisely control for variation in cell number and thus improves the precision of the transcriptional score. Briefly, these normalized expression levels of responsive transcripts were determined for a derivation set of clinical E. coli strains in axenic culture, some ciprofloxacin-susceptible and some resistant. These derivation samples were scaled to a Transcriptional Susceptibility Score (exactly analogous to the Squared Pyramidal Distance metric reported in our prior work, but normalized by the expression of the control genes) of 0 for the centroid of susceptible strains, and of 1 for the centroid of resistant strains in transcriptional space. Unknown samples, which included those processed by the Dean Flow Device in this work, were then determined by projection onto a vector between these two centroids in transcriptional space, where scores near 0 are susceptible-like and scores near 1 are resistant-like.
Results
Device design and characterization
In curvilinear channels, particles experience additional lateral drag force (F D ) 43 due to the presence of transverse Dean flows arising from centrifugal acceleration of fluid flow 44 , which offers high separation resolution 43, 45, 46 . Based on the concept of differential inertial focusing and Dean migration, DFF has been used to separate the largest cell components (circulating tumor cells, or CTCs) from whole blood based on the large size difference between CTCs and hematologic cells (CTCs ~10-20 μm; RBC ~8 μm; leukocytes ~7-12 μm) 38 . The larger CTCs focus inertially near the channel inner wall while blood cells (RBCs and leukocytes) are predominantly affected by the Dean drag and transposed to the outer wall.
Using this same principle, we sought to apply DFF to achieve highly efficient isolation of viable bacteria (the smallest cells present) from whole blood (Figure 1 ). In comparison to CTC isolation, inertial focusing of bacteria (< 1 μm) is highly challenging due to the requirement for a much smaller channel cross section (ratio of particle size (a p ) to channel hydraulic diameter (D h ), a p /D h > 0.07; hence D h ≤ ~10 μm for bacterial focusing) 35 and for higher flow rates that result in large flow-induced channel deformation 47 . To address these issues, we needed to modify the channel dimensions to obtain "tight" Dean migration of our small targets (bacteria) towards the outer wall while larger blood cells remain inertially focused at the inner wall. We designed and fabricated a microdevice in polydimethylsiloxane (PDMS) consisting of a 2-inlet, 2-outlet spiral microchannel (500 μm (w) × 80 μm (h)) with a total length of ~10 cm ( Figure 1A) . As it has been previously reported that particle focusing depends on the shortest channel dimension (microchannel height, h) due to varying shear rates across the channel cross-section (a p /h > 0.07) 48 , we fixed the channel height at 80 μm so that only the larger leukocytes and RBCs undergo inertial focusing, while platelets and bacteria are solely affected by Dean drag (i.e., only leukocytes and RBCs satisfy the a p /h ~ 0.07 ratio).
To operate the device ( Figure 1B) , a blood sample (3× diluted whole blood, ~15% Hct) is pumped into the outer inlet (75 μm width) while sheath fluid (PBS buffer) is pumped through the inner inlet (425 μm width) at a higher flow rate to confine the sample stream near the outer wall. As the sample traverses through the spiral channel, all the cells (bacteria and blood cells) experience a lateral drag force (F D ) and migrate towards the inner wall. Larger leukocytes and red blood cells (RBCs) equilibrate near the inner wall as they experience strong inertial lift forces (F L ) which prevent them from migrating further under the influence of Dean drag, while smaller platelets and bacteria continue flowing along the Dean vortices and recirculate towards the outer wall, thus completing a full Dean cycle (DC 1).
With the set dimensions, we empirically determined the optimal flow rate to be 1700 μLmin −1 using fluorescent E. coli bioparticles spiked in PBS buffer (Fig. S1 ). At this flow rate, bacteria (a p /h ≪ 0.07), achieved a full recirculation prior to outlet bifurcation and sorted into the bacterial outlet (200 μm width) (Movie S1).
To determine the maximum sample hematocrit that the spiral chip can process, whole blood (~45% Hct) diluted to various concentrations was pumped through the device at the same optimized flow condition (DC 1). At high hematocrits, the inertially-focused RBC band broadened due to dispersion induced by cell-cell interactions (Fig. S2) . We found that a final hematocrit of ~15% (3-fold dilution) or less was optimal and resulted in minimal RBC contamination at the bacterial outlet (Movie S2). Combining the flow rate (150 μL min −1 ) with this dilution factor, this translates to ~20 minutes to process 1 mL of whole blood (with a 45% Hct) per chip; throughput can be further scaled up with additional chips placed in parallel 49 .
Differential Dean migration and inertial focusing of bacteria and blood cells
To test the distinct influence of Dean migration and inertial focusing on different cell types, we first loaded the device with samples of either RBCs or fluorescent E. coli bioparticles.
We imaged their equilibrium positions at different points along the device channel at DC 1, using high speed imaging for RBCs and average composite fluorescent images for bacteria ( Fig. 2A) . The smaller bacteria (<1 μm) migrated completely towards the inner wall at position 2 while larger RBCs (~6-8 μm) experienced higher Stokes' drag (∝ particle size, a p ) and resulted in slower lateral migration. Once the RBCs reached the inner wall (position 3), they experienced additional inertial forces and remained focused along the channel inner wall until their removal into the waste outlet (position 4). In contrast, bacteria continued to migrate as a tight band (< 200 μm wide) towards the outer wall and into the bacterial outlet.
We also tested leukocytes in the device using high-speed imaging. Similar to RBCs, larger leukocytes focused tightly near the inner wall due to appreciable inertial forces (a p /h > 0.07) (Fig. S3) . This is important as efficient separation of nucleated leukocytes (~5-10 million per mL) from the bacterial outlet significantly reduces background noise for subsequent nucleic acid detection and analysis of clinically relevant pathogen loads (~10-100 cells per mL).
Finally, we used whole blood stained with immunofluorescence markers (CD41a for platelets, CD45 for leukocytes) or spiked with fluorescent E. coli bioparticles to quantify separation efficiency at DC 1 using flow cytometry. Using blood samples spiked with a high bacteria concentration (~10 6 /mL), a bacterial recovery of ~75% was achieved in the bacterial outlet; the incomplete recovery could be attributed to RBCs hindering the complete Dean migration of bacteria towards the outer channel wall (Fig. S3) . Platelet recovery at the bacterial outlet was also lower (~40%) due to the larger cell size (~2-3 μm), resulting in higher Stokes' drag as they traversed laterally across the channel width.
Efficient bacterial recovery at low bacterial load
To determine bacterial recovery, we spiked E. coli (clinical isolate) into 1 mL of whole blood over a range of bacterial loads and processed the spiked samples using the spiral device. The outflow streams collected from the bacterial outlet were then centrifuged, resuspended in a smaller volume (~100 μL), and collected bacteria were enumerated by cfu count on LB agar plates. A high bacterial recovery (>65%) was achieved for a range of load concentrations (10 2~1 0 4 /mL) (Fig. 2B) . We further compared the separation performance of our spiral device with low speed centrifugation of whole blood to recover plasma-borne bacteria across a range of bacterial concentrations (see Methods for details). Under centrifugation conditions that achieved similar RBC removal (10 3~1 0 4 -fold RBC reduction), bacterial recovery in the plasma of centrifuged samples was significantly lower (~30%) across all tested bacterial concentrations, thus demonstrating the superior separation performance of our spiral device and its potential for clinical applications (Fig. S4) . Moreover, the bacteria recovered in the platelet-rich plasma fraction were unsuitable for further enrichment for downstream molecular analysis, as the sample clotted when concentrated.
We next assessed the ability of our device to isolate different clinically relevant bacterial species (E. coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Enterococcus faecalis) at low concentrations (~10-50 organisms/mL) that are characteristic of bacteremias 17 , representing several distinct classes of important bacterial pathogens with different shapes and surface characteristics: enteric and non-enteric Gram negative rods, and Gram positive cocci. 1 mL of blood spiked with clinical isolates of these different bacterial species were processed in the device, followed by plating the outflow stream collected from the bacterial outlet. In all 20 samples spiked with only 10-50 bacteria, bacteria were successfully recovered (Fig. 2C) , clearly demonstrating the versatility of our label-free separation approach to isolate diverse bacterial pathogens based on physical properties rather than affinity for surface epitopes. Our device operates at high flow rates to reproducibly isolate small numbers of pathogens from whole blood despite a large excess of host blood cells (~10 9 /mL), which is an important feature for detection of low-abundance bacteria in blood.
RNA-based pathogen detection
Current standard diagnostic methods such as organism identification and susceptibility determination on the VITEK-2 50, 51 require culturing blood to organism densities greater than 10 6 cfu/mL, with attendant delays required for bacterial replication and expansion. The potential for DFF to accelerate the diagnosis of bacteremia is feasible not only because of its ability to rapidly process large volumes (mLs) of infected blood but also because it is able to isolate bacteria into a buffer solution that facilitates rapid and sensitive molecular analysis steps. Direct molecular detection of bacteria is not reliable from whole blood because of inhibitory factors that prevent robust molecular biology 21, 22 . In contrast, we sought to demonstrate that we could directly detect and identify bacteria from blood that has been processed through our DFF device without the time delay required for bacterial replication and expansion. In order to obtain the sensitivity required for the detection of ~100 bacteria per 1 mL of DFF processed, infected blood, we applied a modified version of the principle of hybridization-based RNA detection that we have previously described 16 for identifying pathogens and detecting transcriptional signatures of antibiotic susceptibility.
Species identification through rRNA detection-In order to identify bacteria at low organism burden that approaches the uncultured pathogen burden in clinical bacteremia, estimated at 10-100 cfu/mL 17 , we used NanoString (NanoString Technologies, Seattle WA) technology for multiplexed, quantitative RNA detection 40 directly from sorted blood samples. To achieve the desired degree of sensitivity, we modified our previous approach to target rRNA rather than mRNA. rRNA is a naturally abundant RNA species 52, 53 with an estimated >1000-fold excess over even the most abundant mRNA, thereby enabling detection of very low numbers of bacteria without amplification 17, 41 . Its sequence is highly conserved within a bacterial species, and even quite conserved across many different bacterial species 54, 55 . Nevertheless, we were able to identify variable regions of the 16S and 23S rRNA molecules that were sufficiently divergent between species of interest that, even given the hybridization rules required for NanoString probes, we could distinguish three clinically important Gram-negative pathogens, E. coli (Ec), Klebsiella pneumoniae (Kp), and P. aeruginosa (PsA), when grown in axenic culture (Fig. 3, left column) . We were able to design at least one probe pair that specifically recognized each of these species (Supp. Fig S5) . For the two closely-related Enterobacteriaceae species E. coli and K. pneumoniae, we further designed additional probes that recognized either of these two pathogens but not P. aeruginosa (Ec/Kp).
We next tested the ability of rRNA detection to identify bacteria isolated from our spiral device. We inoculated 1 mL of whole blood with one of these three common pathogens at 1000 cfu/mL, which is >3 orders of magnitude lower than the current threshold for detecting positive blood cultures in a BACTEC system. We passed these samples over the spiral device and subjected the bacterial outlet stream to RNA detection by hybridization using the NanoString assay. Attempts to identify the infecting bacteria from whole blood that has not been processed by the spiral device results in an uninterpretable hybridization pattern that fails to identify the pathogen (Fig. 3, middle column; Fig S6) due to interference from blood products and cells. In contrast, after processing on the spiral device followed by concentration of the bacterial stream, each species was readily identified from the blood sample based on its characteristic rRNA hybridization pattern (Fig. 3, right column) , which paralleled that from axenic culture. This method can currently be performed in its entirety in under 8 hours, including both sample processing and RNA detection.
We repeated this procedure with all 3 possible pairwise combinations of these three pathogens at 1000 cfu/mL apiece (Fig. 4A) . Signal from each rRNA probe pair is aggregated into a single Organism Score metric as described in Methods. Each organism present was readily detected, while the absent organism was not.
We also repeated this procedure with 100 cfu/mL of each pathogen individually (Fig. 4B) , which enters the range of bacterial burden in the uncultured blood of septic patients 17 . In order to obtain meaningful signal, we processed 3 mL of inoculated whole blood rather than 1 mL (~10 mL of blood are recommended and routinely collected for blood culture in patients with suspected bacteremia). We could unambiguously identify each of these three pathogens at this physiologically important organism burden, again demonstrated by the aggregated metric, Organism Score.
Antibiotic susceptibility determination through mRNA detection-We have previously reported that quantification of an expression signature, which consists of selected mRNAs, after antibiotic exposure can distinguish susceptible organisms from resistant ones 16 , but we had not previously demonstrated that these mRNA signatures can determine antibiotic susceptibility of bacteria in blood samples. Here we validate this method for antibiotic susceptibility testing in blood that was processed using our spiral device (Fig. 5A) . Clinical E. coli isolates that were either susceptible or resistant to ciprofloxacin (a fluoroquinolone antibiotic) were spiked at 10 5 /mL into 1 mL of blood and processed on the spiral device. Bacteria obtained from the outlet were exposed to ciprofloxacin for 30 minutes prior to lysis, and the resulting lysate was subjected to NanoString detection of a set of transcripts that is differentially expressed in susceptible versus resistant organisms after antibiotic exposure 41, 42 . The expression levels of these transcripts can be mathematically transformed into a Transcriptional Susceptibility Score as described in Methods that is able to distinguish between susceptible and resistant strains (Fig. 5B, solid symbols) . After processing on the spiral device, we were able to readily distinguish blood samples spiked with susceptible versus resistant organisms based on the Transcriptional Susceptibility Score as measured by the NanoString assay (Fig. 5B, open symbols) .
Because of the lower abundance of mRNA compared to rRNA, the current level of sensitivity of Nanostring requires 10 5 cfu/mL for direct susceptibility testing, which exceeds the concentration of bacteria in most bacteremias. However, this current level of sensitivity is still over an order of magnitude better than current requirements for pathogen identification and characterization of the antibiotic susceptibility patterns from a positive blood culture in a clinical microbiology laboratory (>10 6 cfu/mL) 56 . In order to demonstrate this, we inoculated a BACTEC blood culture bottle (identical to those used in clinical microbiology labs) with 1 cfu/mL of E. coli and incubated it for 7.5 hours at 37°C until it reached a concentration of >10 5 cfu/mL. This cultured blood was then separated on the spiral device, and the bacteria collected at the outlet were subjected to mRNA detection by NanoString to determine ciprofloxacin susceptibility. Susceptible or resistant strains prepared in this manner could likewise be easily distinguished (Fig 5B, starred symbols) .
Discussion
New infectious disease diagnostics to rapidly identify pathogens and provide antibiotic susceptibilities are desperately needed in this era of increasing antibiotic resistance. Such tests are needed to guide improved, early therapeutic decision making with likely mortality benefit in the case of severe infections like septic shock. Toward that end, we have developed a method to isolate low-abundance bacteria from infected blood that allows their direct, sensitive and rapid detection, approaching limits of detection that would permit identification without requiring the time for culture.
The Dean Flow Fractionation (DFF) cell sorting technology described here and applied to bacterial isolation was previously developed by our group for direct isolation of circulating tumor cells (CTCs) from whole blood 38 . Unlike CTCs (~10-20 μm), bacteria (< 1 μm) are significantly smaller and therefore challenging to focus using conventional inertial microfluidics 37 . To overcome this, we introduced a sheath flow at the inlet to "pinch" the bacteria-containing sample and demonstrated well-controlled Dean migration of bacteria towards the outer wall to achieve efficient bacteria recovery, even over a large background of other cells. This enables continuous, species-independent isolation of bacteria from whole blood without laborious affinity-based target labeling. In addition, this process leaves the recovered cells in a buffer of our choice (sheath fluid), significantly facilitating direct downstream molecular detection assays by removing cellular components of blood and diluting serum-borne inhibitory factors.
We have coupled this novel isolation technology to a highly sensitive and rapid method for bacterial identification and antibiotic susceptibility testing that we have previously developed based on RNA hybridization (NanoString) with a fluorescent barcoded detection system to quantitatively detect levels of specific RNA transcripts. Due to the extremely low abundance of bacterial pathogens in blood, a vast majority of past attempts at early pathogen detection from blood rely on polymerase chain reaction (PCR) based amplification of pathogen-specific targets. While target-specific amplification even from a single copy is theoretically possible, in reality many practical challenges limit the use of PCR-based techniques for the detection of low-abundance bloodborne pathogens, including expertise required, expense, false negatives from inhibitors in serum, inability to sufficiently concentrate the starting sample, and false positives from contaminants. Our work here addresses these significant challenges of sample preparation and detection by combining high-volume label-free pathogen separation (inertial microfluidics) with non-enzymatic nucleic acid detection (NanoString). A unique feature of our microfluidic separation technique is minimal sample preparation and simple device setup and operation (only syringe pumps are required). By achieving separation of pathogens from the dominant cellular constituents of blood into a common buffer (here, phosphate-buffered saline), this novel spiral device permits concentration of these pathogens far beyond that achievable in whole blood, into a solution that is compatible with many downstream molecular diagnostic techniques. The ability of this device to interface with such diagnostic methods is exemplified here by its compatibility with a commercially available RNA detection system. RNA detection represents a novel detection method that shows promise as a diagnostic modality in clinical infectious disease, both for sensitive species identification and for rapid phenotypic antibiotic susceptibility determination 16 . In fact, a NanoString-based assay has recently been cleared by the FDA as a diagnostic test for improved prognostication through transcriptional phenotyping of clinical samples from patients with breast cancer 57 .
Coupling this novel bacterial separation microdevice to RNA detection facilitates multiple important diagnostic goals. First, species-specific rRNA detection from the enriched bacterial fraction enables highly sensitive detection of bacteria from blood, an improvement of over 100-fold in sensitivity from our prior efforts with mRNA detection for species identification 16 that importantly approaches the critical threshold required to directly detect pathogens from the blood of bacteremic patients without requiring time for culture, although further refinements are needed to fully realize this degree of sensitivity. The limit of detection of this approach is set by the sensitivity of the RNA detection assay and interface between the separation and detection modules due to mass of remaining host platelets. Improving either platelet removal and concentration, or RNA detection efficiency, offer avenues for improvement in a next generation detection module. Second, detection of antibiotic-responsive mRNA transcripts allows rapid determination of the antibiotic susceptibility of populations of bacteria from cultured blood in under 8 hours, much faster than current methods which require days for subculture and then growth in the presence of antibiotics from the time of a blood culture turns positive.
This extension of the concepts underlying our previous work of RNA detection for pathogen identification and antibiotic susceptibility determination 16 , facilitated by a novel microfluidic cell separation device to apply directly to blood samples for the first time, thus represents important progress in infectious disease diagnostics. By coupling microfluidic cell separation techniques with validated RNA detection methods to improve the interface between clinical samples and downstream molecular diagnostics, the potential exists for further improvements to increase the sensitivity and decrease the time required for diagnosing bacteremias in patients.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Pathogen identification from blood after DFF by rRNA recognition. (A) E. coli, (B) K. pneumoniae, or (C) P. aeruginosa were either grown to mid-log phase in axenic culture and diluted 1:1000 (left panel); inoculated at 1000 cfu/mL in whole blood (middle panel); or inoculated at 1000 cfu/mL in whole blood, processed by DFF, and concentrated (right panel) before being detected by the NanoString assay using a probeset directed against rRNA from these three organisms (see Methods for details). On each graph, bars 1-3 represent E. colispecific probes (Ec = blue), bars 4-7 represent probes that recognize either E. coli or K. pneumoniae but not P. aeruginosa (Ec/Kp = purple), bar 8 represents a K. pneumoniaespecific probe (Kp = red), and bars 9-13 represent P. aeruginosa-specific probes (PsA = green). Organism burden was enumerated by plating for CFU enumeration. Detection of pathogens in multiple combinations or at very low organism burden by rRNA recognition. (A) Each of the 3 possible pairwise combinations of E. coli, K. pneumoniae, and P. aeruginosa were inoculated into whole blood at 1000 cfu/mL, processed by DFF, and concentrated before being detected by the NanoString rRNA detection assay. (B) E. coli, K. pneumoniae, or P. aeruginosa were inoculated into whole blood at 100 cfu/mL, processed by DFF, and concentrated before being detected by the NanoString rRNA detection assay. In both panels, normalized probe counts from the NanoString assay were converted into a single Organism Score as described in Methods. Organism burden was enumerated by plating for CFU. 
